miRNAs play important roles during mammalian spermatogenesis. However, the function of most miRNAs in spermatogenesis and the underlying mechanisms remain unknown. Here, we report that miR-202 is highly expressed in mouse spermatogonial stem cells (SSCs), and is oppositely regulated by Glial cell-Derived Neurotrophic Factor (GDNF) and retinoic acid (RA), two key factors for SSC self-renewal and differentiation. We used inducible CRISPR-Cas9 to knockout miR-202 in cultured SSCs, and found that the knockout SSCs initiated premature differentiation accompanied by reduced stem cell activity and increased mitosis and apoptosis. Target genes were identified with iTRAQ-based proteomic analysis and RNA sequencing, and are enriched with cell cycle regulators and RNA-binding proteins. Rbfox2 and Cpeb1 were found to be direct targets of miR-202 and Rbfox2 but not Cpeb1, is essential for the differentiation of SSCs into meiotic cells. Accordingly, an SSC fate-regulatory network composed of signaling molecules of GDNF and RA, miR-202 and diverse downstream effectors has been identified.
INTRODUCTION
Spermatogenesis is a unique developmental process whereby highly specialized haploid sperm are generated from their diploid spermatogonial precursors via the meiosis of spermatocytes (1) . It has been recognized as an ideal model for investigating many fundamental biological processes such as self-renewal and differentiation of stem cells, transcriptional and post-transcriptional regulation of gene expression, and the replication, recombination and epigenetic modification of DNAs. During spermatogenesis, multiple types of intermediate cells are generated from spermatogonial stem cells (SSCs). For example, mouse spermatogonia include undifferentiated, differentiating and differentiated spermatogonia, all of which undergo mitotic divisions to amplify cell population as well as step-wise differentiation to prepare for meiosis (2, 3) . SSCs are a small subset of the heterogeneous undifferentiated spermatogonia. Several growth factors such as Glial cellDerived Neurotrophic Factor (GDNF), bFGF, IGF are essential for the self-renewal of SSCs while other substance such as retinoic acid (RA) is critical for spermatogonial differentiation and meiosis initiation (4) . The GDNF receptor subunit GFR␣1 and some intracellular proteins such as OCT4, LIN28A, PLZF, NANOS3 are marker proteins of the undifferentiated spermatogonia while c-KIT is a hallmark of differentiating spermatogonia. The expression of STRA8, DAZL, SYCP3, PRDM9 AND DMC1 indicates the initiation and undergoing of meiosis (5) . Spermatogenesis is driven by the stage-specific expression of genes that are regulated transcriptionally and post-transcriptionally (6) , and it involves the expression of a large number of highly or specifically expressed coding and non-coding genes in various spermatogenic cells.
miRNAs are believed to be essential for spermatogenesis as conditional knockout (KO) of dicer in either primordial germ cells or undifferentiated spermatogonia resulted in infertility (7) (8) (9) (10) (11) . Accumulated defects in spermatogenic cells such as reduced proliferation, increased apoptosis, elevated retrotransposon activity, delayed meiosis progression and abnormal post-meiotic development are observed, probably due to the loss of diverse miRNAs. As the production of both miRNAs and endo-siRNAs is depend on DICER while only the production of miRNAs is dependent on DROSHA and DGCR8, the essential role of miRNAs in spermatogenesis has also been confirmed by the similar infertile phenotypes of conditional KO mice of either Drosha or Dgcr8 (12, 13) .
The expression and function of some individual miRNAs or miRNA clusters during spermatogenesis have been reported (14, 15) . The function of most studied miRNAs were either inferred from the regulatory relationships between miRNAs and key regulators of spermatogenesis or based on the in vitro results of inhibition or overexpression assays (16) (17) (18) (19) (20) (21) (22) (23) . Few miRNAs were examined for their in vivo function by evaluating the phenotypes of their gene KO mice. For example, conditional KO of the miRNA cluster Mirc1, which is highly expressed in undifferentiated spermatogonia, resulted in impaired spermatogenesis indicated by the appearance of Sertoli cell-only tubules (24) . KO mice of miR-449 have no phenotypic abnormality, which was probably due to the compensational effect of miR-34b/c (25) .
Despite their important roles in mammalian spermatogenesis, comprehensive transcriptomic profiles of miRNAs in various spermatogenic cells are not available. The expression of hundreds of miRNAs in mouse testes was first reported by using a large scale molecular cloning method (26) . Microarray analyses of miRNA expression in testes or spermatogenic cells were also reported, but only a small number of differentially expressed miRNAs have been identified (14, (27) (28) (29) (30) ). An RNA sequencing study reported the expression of about 700 miRNAs and their isoforms due to RNA editing in mouse testis at different developmental stages (31) . A similar study identified about 500 miRNAs in each of the isolated THY1 + SSC-enriched germ cells, THY1 − somatic cells and cultured SSCs derived from THY1 + cells (32) . However, these studies failed to profile miRNAs explicitly in various isolated spermatogenic cells such as spermatogonia, spermatocytes and spermatids.
We previously used RNA sequencing to study the expression of small RNAs including piRNAs and miRNAs and found that miRNAs are much more abundant in spermatogonia than in other cell types (33) . In the present study, we re-analyzed that dataset deposited in the GEO database as well as a multi-organ dataset generated by Kuchen et al. (34) , and compiled a complete list of miRNAs that are expressed in spermatogenic cells and reported their organ and cell type specificities. We showed that miR-202-3p and -5p, two miRNAs highly expressed in the testis and spermatogenic cells, were differentially regulated by GDNF and RA, which are key factors for the self-renewal and differentiation of SSCs. miR-202 prevented SSCs from premature differentiation by suppressing the expression of multiple target genes such as cell cycle regulators and RNA binding proteins. We identified Rbfox2 and Cpeb1 as two direct target genes of miR-202 and found that the knockdown of Rbfox2 but not Cpeb1 blocked meiosis initiation of cultured SSCs. These results have revealed a miR-202-centered regulatory network that controls the fate of SSCs, and they also contribute to the understanding the roles of miRNAs in stem cell fate determination.
MATERIALS AND METHODS

Animal breeding and cell cultures
All animals used in this study were bred by following the guidelines of the Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences. F1 pups derived from DBA/2 and C57BL6 mice were used for isolation of SSCs and transplantation assays.
Establishment, maintenance and differentiation induction of lines of mouse SSCs
Establishment and maintenance of SSCs followed the protocols developed by Kanatsu-Shinohara et al. and Kubota et al. (35, 36) with modifications from our laboratory (37) . Briefly, seminiferous tubules of testis from pup mice of 5-7 days post-partum (dpp) were digested with 1 mg/ml collagenase IV and 1 mg/ml DNase I at 37
• C for 5 min, and then centrifuged at 20 g for 1 min. The supernatant containing Leydig cells was removed, and the precipitation of tubules was suspended in mouse embryo fibroblasts (MEF) medium with several pipetting and plated onto dishes. One day later, somatic cells grew out of the tubules, on which SSCs were loosely attached. Then, the SSCs were collected by gentle pipetting and centrifugation. The collected cells were cultured in SSC medium, which contains 20 ng/ml GDNF, 5 ng/ml bFGF and 5 g/ml insulin, on mitomycininactivated MEF. The contaminated somatic cells were removed after three passages and the SSCs were subsequently maintained in SSC medium for at least several months.
To test the effects of growth factors and RA on the levels of miR-202-3p and miR-202-5p, SSCs were treated with GDNF, bFGF or insulin for 12 h after overnight (∼18 h) withdrawal from growth factors (-Factors) or treated with RA for 24 h, followed by real-time PCR.
miRNA inhibitors or siRNAs were transfected into SSCs at the concentration of 100 nM by RNAiMAX (Invitrogen, Thermo Fisher Scientific), following the standard manufacture protocol.
Differentiation induction of SSCs follows our recently reported procedure (4) . Briefly, SSCs were plated on Sertoli cells and one day later, treated with 100 nM RA. The immunostaining of SYCP3 was used to assess the ability for entry of meiosis.
Transplantation of SSCs
Transplantation of SSCs into recipient testes was conducted by following procedures previously described (37) . One month after transplantation, mice transplanted with iKOSSCs or Ctr-iKO-SSCs were treated with Dox water containing 2 mg/ml Doxycycline (Dox, Clontech, Takara) in 5% sucrose that was refreshed every 3 days for three times (38) . Six weeks after treatment, the testes were sampled for analysis.
Clonal expansion of SSCs from single cells
SSCs were seeded into a 3.5 cm dish on MEF feeder at a density of 100 cells/cm 2 . Ten days later, colonies expanded from single cells were picked and plated into the wells of 96-well plate for further amplification.
Plasmid construction and lentivirus production
We obtained the Tet-On Cas9-expressing lentivirus vector pCW-Cas9 (39) from Addgene (50661). Lentiviral production was performed as described previously (40) , using the packaging plasmid pMD2.G and the envelope plasmid psPAX2.
We developed iCas9-SSC by infecting SSCs with Cas9 lentivirus and screening puromycin-resistant SSCs using 1 g/ml puromycin for 14 days. The expression of Flag-Cas9 after adding Dox (10 g/ml, Clontech, Takara) was identified by Western blot using a Flag antibody.
To develop the iKO-SSCs and Ctr-iKO-SSCs, we first cloned the two gRNAs targeting miRNA into PGL3-U6 (Addgene, 51133), and then amplified the two U6-gRNA cassettes by PCRs and inserted them into modified pLL3.7 vector (Addgene, 11795), together with the EF1a-EGFP cassette. iCas9-SSCs were transfected by the iKO and CtriKO lentivirus and the EGFP-positive cells were sorted by flow cytometer.
For the ectopic expression of miR-202, we placed the U6-miR-202 cassette into the iKO plasmid to derive the iKO-OE plasmid. We also placed the U6-miR-202 into a lentiviral plasmid harboring EF1-Tomato cassette to derive the iKO-SC-OE construct.
iTRAQ labeling and LC-MS/MS analysis
Cells were washed with phosphate-buffered saline (PBS) twice and harvested by scraping in ice-cold RIPA supplemented with protease inhibitor cocktail (Roche). Cell lysates were centrifuged at 16 000 g for 15 min at 4
• C to remove cell debris. Supernatants were collected and stored at −80
• C until use. Cell lysates were denatured according to the FASP procedure with minor modifications (41) . Briefly, the cell lysates were transferred to Amicon-0.5 ultrafiltration units, and the buffer was exchanged with UA buffer (8 M urea, 0.1 M Tris, pH 8.5) three times. Protein samples were reduced with 10 mM dithiothreitol at 37
• C for 1 h and then alkylated with 50 mM iodoacetamide at room temperature for 1 h (in the dark). The buffer of the denatured protein samples was then exchanged with UA buffer three times and exchanged with 50 mM tetraethylammonium bromide (TEAB) twice. Proteins were recovered by reverse centrifugation at 1000 g for 2 min and resolved in 50 mM TEAB. Protein concentrations were determined in triplicate using the bicinchoninic acid method (Thermo Scientific Pierce) according to the manufacturer's instructions.
One hundred micrograms of lysate proteins from iKO-SC-1, iKO-SC-2 and two samples of iKO-OE-SSCs were digested with trypsin at 37
• C overnight. Then, the tryptic peptide was labeled with iTRAQ reagent as showed in Figure  6A according to the manufacturer's instructions. Following labeling, the eight tagged peptide samples were pooled together and stored at −80
• C until MS analysis. After desalted by C 18 SPE cartridges (Waters), the labeled peptides were fractionated using YMC-Triart C 18 basic reversed-phase liquid chromatography column (250 × 4.6 mm, 5 m particles, YMC). Eluates were collected every 75 s, and a total number of 57 fractions were obtained. The first five fractions were discarded because most of the excess labeling reagent was eluted during these fractions. The remaining 52 fractions were combined into 13 fractions by merging fraction 1, 14, 27 and 40; fraction 2, 15, 28 and 41; and so on. Then, all fractions were dried in a vacuum concentrator and stored at −20
• C until further analysis. All mass spectrometry data were collected on a QExactive mass spectrometer (Thermo Fisher Scientific) coupled with an Easy-nLC system (Thermo Fisher Scientific). Each fraction of tryptic peptides was resuspended in 0.1% formic acid and separated on EASY-Spray column (C 18 , 2 m particle size, 100Å pore size, 75 m id × 50 cm length, Thermo Fisher Scientific). Samples were resolved with a linear gradient of solvent B (100% ACN, 0.1% formic acid); 5-50% over 76 min, 50-90% over 12 min at a flow rate of 300 nl/min. The separated peptide ions eluted from the analytic column entered into the mass spectrometer at an electrospray voltage of 2.1 kV. All MS/MS spectra were acquired in a data-dependent mode for fragmentation of the 10 most abundant peaks from the full MS scan with 30% normalized collision energy. The dynamic exclusion duration was set at 20 s and the isolation mass width was 2.5 Da. MS spectra were acquired with a mass range of 400-1800 m/z and a resolution of 70 000 at m/z 200. MS/MS resolution was acquired at a resolution of 17 500.
Protein identification and quantification
The LC-MS/MS data were analyzed using Proteome Discoverer (Version 1.4, Thermo Fisher Scientific) against the Uniprot KB mouse database (released on September, 2013) with 50,287 entries, into which 175 commonly observed contaminants and all the reverse sequences were added. Search parameters included: precursor ions mass tolerance of 10 ppm (monoisotopic mass), fragment ions mass tolerance of 0.02 Da (monoisotopic mass), a fixed modifications of cysteine carbamidomethylation and iTRAQ 8-plex labeling at the N-terminus and lysine residues, and a variable modification of addition of 15.999 Da on methionine (oxidation). The search results were passed through additional filters before exporting the data. For protein identification, the filters were set as follows: peptides with more than two unique peptides, FDR < 1% and significance threshold P < 0.05 (with 95% confidence). For protein quantification, the filters were set as follows: normalize with protein median and only unique peptides were used to quantify proteins.
A total number of 3376 proteins were identified with more than two unique peptides and < 1% global FDR in two biological replicates, among which 3237 proteins were quantified with CV < 10% (Supplementary Figure S5A and B). Basing on the null distribution of the 115/113 and Nucleic Acids Research, 2017, Vol. 45, No. 7 4145 119/117 ratios and a type I error rate of 5%, cut-off values for up-and downregulated differential expression rate were determined to be 1.18 and 0.83, respectively (Supplementary Figure S5B ).
High-throughput RNA sequencing
Total RNA from SSCs was isolated by TRIzol (Thermo Fisher Scientific). The RNA libraries were constructed by Illumina library preparation protocols. High-throughput sequencing was performed on HiSeq2000.
RNA sequencing analysis
For miRNA analysis, sequencing reads were mapped to the mouse genome (UCSC mm9) by Bowtie2 (v2.0.2). The reads of miRNAs were counted by bedtools coverage (V2.17.0). Reference miRNAs downloaded from miRBase (Release 21) were used for miRNA analysis. For mRNA analysis, data from sample duplicates were pooled for further analyses as correlation coefficients of gene expression levels from biological duplicates are all more than 0.95. The sequencing reads were mapped to the mouse genome (UCSC mm9) by TopHat (v2.0.6). The expression level of mRNAs was represented by FPKM calculated by Cufflinks (v2.0.2). The differentially expressed genes were identified with Cuffdiff based on the threshold of q-value being less than 0.05. RefSeq mRNAs downloaded from UCSC (mm9) were used as the reference mRNAs.
Gene ontology (GO) analysis
GO analysis was performed using DAVID bioinformatics tools (42) . GO terms with P < 1 × 10 −2 and enrichment score > 1.5 were considered significant.
Genomic PCR
We isolated genomic DNA as previous report (43) and carried out PCR using PrimeSTAR HS DNA Polymerase (Takara). See also Supplementary Table S6 for primer sequences.
Real-time PCR (qPCR)
Primers used in qPCR were listed in Supplementary Table  S6 . Total RNAs were isolated using TRIZol regent following the standard manufacture protocol. RNAs of 2 g were reversed transcribed in 20 l reaction system using random primers and the high-capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). qPCR reactions were performed in the 96-plate format or 384-plate format of Roche LightCycler 480 real-time PCR system using the 2x Ultra-SYBR Mixture from Beijing CoWin Biotech. The data were analyzed using the comparative Ct method ( Ct) with ␤-actin RNA as the internal control.
For quantification of miRNA, a strategy of poly(A)-tailed RT-PCR was used (44) . RNAs of 2 g were reversed transcribed by miRcute miRNA first-strand cDNA Synthesis kit from Tiangen, using specific adaptor primer. Realtime PCR reactions were carried out in the 96-plate format of Roche LightCycler 480 real-time PCR system, using miRcute miRNA qPCR detection kit (SYBR Green) from Tiangen. The data were analyzed using the comparative Ct method ( Ct) with sno234 as the internal control.
Western blotting
SSCs under different conditions were washed with PBS and cell lysates were prepared using RIPA lysis buffer containing protease inhibitor cocktail (Roche). Samples containing 10 g proteins were run in sodium dodecyl sulphatepolyacrylamide gel electrophoresis gel and transferred to nitrocellulose membranes (Whatman Protran). Membranes were then blocked in 5% nonfat-milk/PBST for 1 h, followed by incubation with the primary antibodies and HRPconjugated secondary antibodies at room temperature for 4 h or at 4
• C overnight with gently agitating. The proteins were detected using the Supersignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific) and then analyzed with the ChemiDoc XRS + system (Bio Rad).
Testis collection and histological analysis
Testes were collected immediately after the mice were sacrificed, fixed in 4% paraformaldehyde for up to 24 h and then dehydrated using gradient concentration of ethanol. After treated with xylene and embedded in paraffin, sections were prepared and mounted on APES-coated glass slides. After deparaffinization in xylene and re-hydration in gradient concentration of ethanol were performed, slides were stained with H&E for histological analysis or stained with antibodies for immunofluorescence using the following procedures.
Immunostaining and flow cytometry analysis
Cells or frozen sections were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. For immunofluorescence, after being incubated in 5% bovine serum albumin (BSA)/PBS, the samples were incubated with the primary antibodies and fluorophore conjugated secondary antibodies. Subsequently, samples were stained with DAPI (Sigma-Aldrich, 1 g/ml). The images were captured by a laser confocal microscope (Leica). For immunohistochemistry, the sections were pretreated with 3% H 2 O 2 and 5% BSA/PBS, followed by incubation with primary antibodies and HRP conjugated secondary antibodies. The sections were then stained with DAB and hematoxylin. The images were captured by a microscope equipped with a CCD camera (Nikon). For flow cytometry analysis, after being incubated in 5% BSA/PBS, the cells were incubated with the primary antibodies and fluorophore conjugated secondary antibodies. The analyses were carried out on a CytoFLEX research cytometer (Beckman).
BrdU incorporation and TUNEL assay
For BrdU assays, Dox treated iKO-SC-1 or RA treated SSCs were further treated with 10 mg/ml BrdU (Sigma) for 12 h before cell were harvested. The cells were then collected, fixed with 70% ice-cold ethanol for 20 min at room temperature. Then, the cells were denatured with fresh 2 M HCl and neutralized with 0.1 M sodium borate (pH 8.5). Then the cells were blocked in 5% BSA/PBS and incubated with mouse anti-BrdU antibody at 4
• C overnight. Meanwhile, the control cells were incubated with mouse isotype IgG. The FITC-conjugated anti-mouse IgG was used as the secondary antibody. The cells were stained with DAPI and analyzed using Beckman flow cytometer.
For TUNEL assays, cells were collected and labeled using DeadEnd fluorometric TUNEL Symtem (Promega) following the standard protocol. Briefly, the cells were fixed with 4% paraformaldehyde followed by incubation with 70% icecold ethanol for 4 h at −20
• C. After several washes, the cells were resuspended in Equilibration Buffer for 5 min at room temperature and then incubated with reaction buffer at 37
• C for 1 h. Meanwhile, the control cells were incubated with buffer without the rTdT enzyme. The reaction was terminated with 20 mM ethylenediaminetetraacetic acid. The cells were stained with DAPI and analyzed using Beckman flow cytometer.
Dual luciferase assay
Luciferase constructs were produced as follows. 3 UTRs for candidate genes were amplified from SSC cDNA and cloned into the pMIR-Report vector (Promega). Primers are listed in Supplementary Table S6. HEK293FT cells were plated in a 96-well plate pretreated with 0.2% gelatin. Approximately 24 h later, microRNA mimics were first transfected using RNAiMAX. Ten hours later, 50 ng Firefly Luciferase report plasmids and 5 ng internal control plasmid expressing the Renilla Luciferase (pRL-TK, Promega) were co-transfected by Lipofectamine 2000 reagent (Life technologies). Cell extracts were prepared 24 h after transfection, and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, USA) according to the manufacturer's protocol. Data were first normalized to empty vector then to mimics negative control-transfected 293FT.
Antibodies
Mouse antibody to Flag (F3165) was purchased from Sigma. Goat antibody to c-KIT (AF1356) was purchased from R&D. Rabbit antibody to MVH (ab13840) was purchased from Abcam. Rabbit antibody to RBFOX2 (A300-864A) was purchased from Bethyl Laboratories. Rabbit antibody to CPEB1 (13274-1-AP) was purchased from Proteintech. Mouse antibody to ACTB (M20010) was purchased from Abmart. Mouse antibody to BrdU (555627) was purchased from BD Pharmingen.
Statistical Analysis
Statistical analysis was conducted using the Student's t-test (two-tailed). All values are shown as mean ± SEM. P < 0.05 were considered statistically significant. One asterisk and two asterisks indicate P < 0.05, P < 0.01, respectively.
RESULTS
miR-202 is specifically expressed and dynamically regulated during mouse spermatogenesis
We previously profiled the dynamics of small RNAs of 18-36 nucleotides in type A spermatogonia (SG-A), pachytene spermatocytes (pacSC) and round spermatids (rST) (33) . In the present study, we re-analyzed this data set (GSE24822) to examine the expression of miRNAs in more details. A miRNA was considered to be actively transcribed if its cloning frequency (CF), which is its percent read count value divided by all read counts in a sample, to be > 0.01% (32) . Based on this CF cutoff, 307 miRNAs were found to be expressed in at least one of the 3 spermatogenic cell types, and were named g-miRNAs for germ cell-expressed miRNAs (Supplementary Table S1 , Supplementary Figure S1 ). The expression dynamics of g-miRNAs in SG-A, pacSC and rST and several other organs were shown by the heat map of the hierarchical clustering analysis ( Figure 1A ). We also identified 67 miRNAs specifically expressed in the mouse testis (Supplementary Table S2 ) based on the small RNA multi-organ expression data set (GSE21630) generated by Kuchen et al. (34) using a tissue-specificity evaluation algorithm (Testis JS-score > 0.5) proposed by Cabili et al. (45) .
Based on miRNA abundances in SG-A, miR-202-5p ranks the 4th following three let-7 family members (CF = 7%, Supplementary Table S1 ). Moreover, miR-202-3p and miR-202-5p are among the 67 testis-specific miRNAs (Supplementary Table S2 ). Using qRT-PCR, we confirmed that the abundances of miR-202-3p and miR-202-5p were indeed much higher in the testis than in any of the other tissues examined by several orders of magnitude ( Figure 1B) . Based on the standard expression curves made using synthetic miRNAs ( Figure 1C) , we found that miR-202-3p and miR-202-5p were expressed at similar levels in SSCs, and the level of miR-202-5p was about 75% of that of miR-202-3p. However, their levels in other spermatogenic cell types are different and change in opposite ways during spermatogenesis ( Figure 1D, Supplementary Figure S1 ). Previously, Niu et al. (32) reported that miR-202-5p was more abundantly expressed in Thy1 − somatic cells (Sertoli and Leydig cells) than in Thy1 + SG-A, and our results using the primary culture of Sertoli cells confirmed this observation. Moreover, we found that miR-202-3p was upregulated by GDNF and downregulated by RA while miR-202-5p was up-regulated by RA ( Figure 1E ). These results suggested that transcripts of miR-202, particularly miR-202-3p, might play an important role in SSCs during spermatogenesis.
Inhibition of miR-202-3p but not miR-202-5p induces differentiation of SSCs
To test whether miR-202-3p and/or miR-202-5p indeed play a role in SSCs, we treated feeder-free SSC cultures with Cy3-labeled synthetic oligonucleotide inhibitors that target these two miRNAs. The inhibitor was introduced into SSCs by lipofectamine transfection, and more than 90% of the cells were transfected as indicated by Cy3 fluorescence when checked 2 days after transfection ( Supplementary Figure S2A) . Four days upon transfection with miR-202-3p inhibitor, flat patches of SSCs with clear cell boundaries, typical of differentiating spermatogonia, were observed in sharp contrast to the tight clumps of SSCs without inhibitor treatment or treated with the control inhibitor of scrambled sequence (Figure 2A, Supplementary Figure S2B) . At this time, while the number of SSCs of the scramble control was not significantly different from that of the mock control, the number of SSCs treated with the inhibitor was reduced to about 76% of the value of the mock control ( Figure 2B ). In contrast, treatment of SSCs with miR-202-5p inhibitors brought forth no changes in either the morphology or the number of SSCs (Figure 2A and B) . The induced differentiation of SSCs by miR-202-3p inhibitor was supported by the reduced expression of Plzf, and the elevated expression of Stra8, Dazl and Sycp3 as detected by qRT-PCRs ( Figure  2C) .
As a result of differentiation, the number of stem cells in the SSC culture was also expected to decrease. To test this, SSCs were first infected with the EGFP-expressing lentivirus to become green fluorescent SSCs (EGFP-SSCs), then treated with either the miR-202-3P specific inhibitor or the scramble control inhibitor for 4 days, and subsequently transplanted into the testes of busulfan-pretreated recipient mice ( Figure 2D ). Two months later, the recipient testes were harvested for EGFP-colony counting, and we found that the miR-202-3p specific inhibitor but not the scramble control reduced the stem cell activity by 75% when compared with the mock control ( Figure 2E ). These results show that miR-202-3p blocks the differentiation of SSCs and sustains their stem cell identity in vitro.
Knockout of miR-202 induces differentiation of SSCs to c-KIT + spermatogonia
We next set out to study the function of miR-202 by knocking out its gene in SSCs using the CRISPR-Cas9 system. We first derived an iCas9-SSC line using a lentiviral vector, from which the expression of Cas9 can be induced by Dox treatment. The integration of the Cas9 cassette into the genome was confirmed by genomic PCR and its Doxinduced expression was validated by Western blotting (Figure 3A and B) . The validity of this inducible CRISPR-Cas9 system was further confirmed by the reduced fluorescence of the EGFP-SSCs after a lentiviral construct expressing the EGFP-specific gRNA was introduced to the cells followed by Dox treatment for 4 days (Supplementary Figure S3) . We designed a pair of gRNAs to knockout miR-202. The double gRNAs were expressed in one lentiviral plasmid construct under two independent U6 promoters (Figure 3C) . Control plasmid containing scrambled DNA sequences of gRNAs were similarly constructed. As the constructs also contains an EGFP-expressing cassette, green fluorescent cells were derived, expanded and purified by FACS to derive the iKO-SSCs and Ctr-iKO-SSCs, respectively, upon lentiviral infection of iCas9-SSCs (Supplementary Figure S4A ). The cells of these two lines grew as tight clumps under normal culture condition. The KO of miR-202 was confirmed by the detection of a truncated genomic fragment in addition to the wild type one using PCR assays ( Figure 3D ). As SSCs can proliferate without feeder cells for a short period of time, we also performed KO experiments under the feeder free condition to examine the effect of miR-202 KO. At day 4 of Dox treatment, the number of iKO-SSCs was reduced by 60% compared with cells without treatment regardless of the use of MEF feeder cells or not. In contrast, the same treatment had no effect on the number of Ctr-iKO-SSCs ( Figure 3E ). It was noteworthy that the cell number reduction was not significant on day 2 of treatment ( Figure 3F ). Similar results were acquired when we used a second pair of gRNAs to knock out miR-202 (iKO-SSCs-2) ( Figure 3E ). To show that the phenotypes of iKO-SSCs would be rescued by the expression of exogenous miR-202, we developed an independent cell line (iKO-OESSCs), into which the gRNA expression construct containing an additional U6-miR-202 cassette was introduced. For this cell line, Dox treatment did not reduce the cell number significantly (Supplementary Figure S4B) .
We further investigated the effects of miR-202 KO by using SSC clones expanded from single cells. Twenty-six (iKO-SC-1∼26) and 7 (Ctr-SC-1∼7) clones were developed from iKO-SSCs and Ctr-iKO-SSCs, respectively (Supplementary Figure S4C and D) . Majority of the clones from iKO-SSCs reduced their cell number in response to Dox at day 4 of treatment while none of the clones from CtriKO-SSCs changed their cell numbers ( Supplementary Figure S4D) . Clones iKO-SC-1, 2, 3 and 4 and Ctr-iKO-SC-1 and 2 were selected for further study. iKO-SC-1∼4, when treated with Dox, all reduced their cell numbers by more than 70% regardless whether they were cultured on MEF feeder layers or not ( Figure 4A ). Again, we introduced the U6-miR-202 cassette into the cells of iKO-SC-1, 2 and 3 by lentiviral infection ( Figure 4B ) and found that the cell number reduction of these clones in response to Dox treatment were significantly reverted by the ectopic expression of miR-202 ( Figure 4C ), suggesting that the phenotypes of miR-202 KO SSCs were a direct consequence of the deletion of the miR-202 gene.
We further assessed the effects of miR-202 KO by examining the expression changes of a panel of marker genes that are specifically expressed in either undifferentiated/differentiating spermatogonia or spermatocytes. Dox treatment of iKO-SC-1 for 2 days reduced miR-202-3p expression by about 80% (Figure 4D ). At this time point, the expression of maker genes for undifferentiated SG (Oct4, Lin28a, Gfra1, Plzf and Nanos3) decreased, while the expression of marker genes for differentiating SG (c-Kit) and meiotic SC marker genes (Sycp3, Prdm9 and Dmc1) increased ( Figure 4D) . Moreover, the generation of differentiating SG was further demonstrated by the positive immunostaining of the c-KIT protein ( Figure 4E) . Markedly, the percentage of c-KIT + cells increased from 5% to 56% when miR-202 was knocked out as quantified by the FACS analysis ( Figure 4F and G) . These results showed that the induced KO of miR-202 resulted in compromised proliferation and differentiation of SSCs.
Knockout of miR-202 reduces stem cell activity of SSCs
We next examined whether KO of miR-202 changes the stem cell activity of SSCs using transplantation experiments. Cultured iKO-SSCs and Ctr-iKO-SSCs were transplanted into the testes of busulfan-pretreated mice. Four weeks later, recipient mice were fed with drinking water containing 2 mg/ml Dox. Six weeks after treatment, recipient mice were sacrificed and their testes were examined ( Figure 5A ). Testes transplanted with SSCs of iKO-SSCs (iKO-testes) were 40% smaller than those transplanted with Ctr-iKO-SSCs (Ctr-testes) on average ( Figure 5B and C) . Histological examination of testes showed that the iKOtestes contained many germ cell-depleted tubules while the Ctr-testes contained only normal-looking tubules (Figure Figure 5E ). In summary, induced knockout of miR-202 reduced the stem cell activity of cultured SSCs.
Screening of miR-202 targets by differential proteomic analysis and RNA sequencing
We set out to screen for targets of miR-202 by identifying proteins that change their expression in response to miR-202 KO using the iTRAQ-based proteomic approach. As the protein changes of true targets would likely be reversed by the ectopic expression of miR-202, we included in our analyses cells of iKO-SC-1, iKO-SC-2, as well as two samples of iKO-OE-SSCs with and without Dox treatment. Consequently, a total of 8 protein samples were labeled with 8 different isotopic agents simultaneously and were subjected to LS/MS analyses ( Figure 6A) . As a result, 118 proteins were found to change their abundances in response to miR-202 KO, while only 29 differential proteins were identified between the two samples of iKO-OE-SSCs, and the intersection of these two sets was just 2 ( Figure 6A , Supplementary Table S3 ). These results indicated that the abundance changes of most proteins in response to Dox treatment were most likely a direct result of miR-202 KO instead of the off-target effects of the CRISPR-Cas9 system.
We further used dual luciferase assay to validate a selected panel of potential miR-202 targets including Rbfox2, Cpeb1, Syncrip, Ercc2, Nid2, Mtmr12 and Nras, which increased their protein levels in response to miR-202 KO and which are also predicted targets of miR-202-3p. Rbfox2, Cpeb1 and Syncrip are RNA binding protein genes; the Ercc2 protein is involved in transcription-coupled nucleotide excision repair; Nid2 encodes a member of the nidogen family of basement membrane proteins; the protein encoded by Mtmr12 is an adapter subunit in a complex that contains a PtdIns(3)P 3-phosphatase; NRAS has GTPase activity involved in multiple processes such as cell cycle control. Therefore, these genes represent different genes families enriched in the miR-202 target gene set. The predicted target sequences in 3 UTRs of Rbfox2, Cpeb1, Ercc2 and Nid2 but not the ones of Syncrip, Mtmr12 and Nras reduced luciferase activity of the fusion genes in response to miR-202 mimic treatment ( Figure 6B ). As negative controls, none of the mutated target sequences had any effect on the luciferase activity. Therefore, Rbfox2, Cpeb1, Ercc2, Nid2 were direct targets of miR-202. As the iTRAQ proteomic assay may not be sensitive enough to detect all targets of miR-202, we identified additional ones by bioinformatics predictions. We showed that the predicted target Cpeb3 was also a direct target ( Figure 6B ).
As miRNAs regulate gene expression either by inhibiting translation or by initiating mRNA degradation, we performed RNA sequencing to identify more genes regulated by miR-202 (Supplementary Table S4 ). Consequently, 148 and 7 genes were up-and downregulated in response to miR-202 KO. The upregulated set detected by RNA sequencing overlap that detected by proteomic analyses by 14 genes while the two downregulated sets had no overlap (Figure 6C) . Markedly, the upregulated proteins and mRNAs share many enriched GO terms such as M phase, cell cycle, mitosis, microtubule-based process, cytoskeleton organization. The upregulated proteins are also enriched with terms such as meiosis, RNA processing while the upregulated mRNAs are enriched with terms such as cell death and apoptosis ( Figure 6D, Supplementary Table S5 ). In contrast, the downregulated sets are not enriched with any GO terms. Therefore, miR-202 seems to mainly regulate genes involved in mitotic division either by inhibiting their translation or by inducing their mRNAs to degrade. 
miR-202 is a negative regulator of cell cycle in SSCs
Based on these proteomic and transcriptomic screening results, miR-202 is likely a suppressor for the mitotic division of differentiating spermatogonia. To resolve this seeming contradiction to the observed decrease in total cell number induced by miR-202 KO, we examined the changes in mitotic activity and apoptosis of SSCs in response to miR-202 KO using BrdU incorporation and TUNEL assays. Dox treatment of iKO-SSC-1 cells for 2 days increased the percentage of BrdU + cells from 53% to 66% and the percentage of apoptotic cells from 7% to 33% ( Figure 6E , Supplementary Figure S5C ). Therefore, miR-202 KO resulted in a bigger increase of apoptotic cells than mitotic cells and this explained the significant reduction of total cell number on day 4. Our previous work showed that RA induced differentiation and meiosis initiation of SSCs accompanied by increased apoptosis (4) . Here, we found that RA treatment also increased the percentage of BrdU + cells although to a less degree (from 56% to 68%) compared with the increase in apoptotic cells (from 8% to 24%), resulting in a decrease in the total cell number on day 4 of treatment ( Figure 6F , Supplementary Figure S5D ). These results showed that KO of miR-202 speeded up the cell cycle and incurred a larger degree of apoptosis of differentiating spermatogonia in a similar manner to RA treatment.
The miR-202 target Rbfox2 is essential for meiosis initiation
As many RNA binding proteins have essential roles in spermatogenesis, we next selected Rbfox2 and Cpeb1 to investigate how the function of miR-202 was mediated by its direct target genes. The translational inhibition of Rbfox2 and Cpeb1 was first confirmed by Western blotting analysis using the iKO-SC-1 cells treated with Dox for 2 days (Figure 7A) . qRT-PCR results showed that both Rbfox2 and Cpeb1 increased their mRNA levels markedly when meiosis is initiated in preleptotene spermatocytes ( Figure 7B ), in sharp contrast to the change pattern of miR-202-3p ( Figure  1D ). Immunostaining of these two proteins also confirmed their higher abundance in pacSC than in the earlier stages of pacSC ( Figure 7C) .
Pretreatment of iKO-SC-1 cells with siRNAs of Rbfox2 and Cpeb1 6 h before Dox treatment resulted in a cell number reduction to a smaller degree compared with cells pretreated with siRNAs of scrambled sequences ( Figure 7D , Supplementary Figure S6) . Therefore, the reduced proliferation of miR-202 KO SSCs was partially rescued by the knockdown of its targets Rbfox2 and Cpeb1.
We further examine the function of these two genes using shRNAs expressed from an EGFP-expressing lentiviral construct, which is transferred into the cells by viral infection. Based on our meiosis initiation model recently established, SSCs were cultured on Sertoli cells and treated with RA, and the initiation of meiosis was determined by observing the immunostaining of SYCP3 (4) . As the viral infection is not 100%, those uninfected EGFP − cells were mostly SYCP3 + while those EGFP + cells, in which Rbfox2 was knocked down, were all SYCP3
− . In contrast, most of the EGFP + cells, in which Cpeb1 was knocked down, were also SYCP3 + ( Figure 7E ). These results indicate that Rbfox2 but not Cpeb1 plays an important role in the initiation of meiosis.
DISCUSSION
The essential roles of miRNAs in mammalian spermatogenesis are mainly inferred from the infertile phenotypes of gene KO mice of key enzymes for miRNA biogenesis, and the functions of most of individual miRNAs remain unknown. In the present study, we have identified a set of miRNAs highly or specifically expressed spermatogenic cells by analyzing small RNA sequencing data previously published (Supplementary Table S1 ). We selected miR-202 for further functional studies because of its much higher level expression in the testis compared with other organs and its regulation by GDNF and RA. Applying an inducible CRISPRCas9 KO technique to cultured SSCs, we showed that miR-202 played a role in maintaining the stem cell pool of SSCs by blocking their premature differentiation, which is typical of faster cell cycle and increased apoptosis. Using a differential proteomic approach and RNA sequencing, we screened out a large number of potential target genes of miR-202 including cell cycle regulators and RNA binding proteins. We used our in vitro meiosis model recently reported to further study the function of two direct targets, Rbfox2 and Cpeb1, and found that Rbfox2 but not Cpeb1 was essential for meiosis initiation. Based on these results, we have identified a SSC fate decision regulatory network, through which miR-202 relays signals from paracrine factor GDNF and para/autocrine factor RA to a large number of downstream effectors including cell cycle regulators and RNA binding proteins ( Figure 7F ). The miR-202 gene and its two mature transcripts have the following interesting features. First, both miR-202-3p and miR-202-5p are expressed in the testis at a much higher level than in any other tissues examined. miR-202-3p is expressed in the testis 600-fold higher than in the spleen, in which it is the second most abundant, while miR-202-5p in the testis is 30-fold higher than in the ovary ( Figure 1B) . Second, miR-202-3p and -5p change their expression pattern in opposite ways although their abundances in SSCs are comparable, suggesting that they may have different roles in spermatogenesis. While miR-202-3p is most abundant in SSCs and least abundant in pacSC, miR-202-5p is most abundant in pacSC, 200-fold higher than in SSCs ( Figure 1D ). Third, miR-202-3p was upregulated by GDNF and downregulated by RA while miR-202-5p was only upregulated by RA (Figure 1E) . Fourth, miR-202-3p but not miR-202-5p acts as gatekeeper of SSC differentiation. The mechanism underlying the dynamic changes of these two miRNAs and the function of miR-202-5p at other stages of spermatogenesis warrant further investigations.
That miR-202 acts as a stem cell gatekeeper is reminiscent of the functions of several other miRNAs that are highly expressed in early stage spermatogenic cells. For example, based on our analysis (Supplementary Table S1 ), 8 members of the let-7 family, 2 members of the miR-30 family and miR-125a-5p are all most abundantly expressed in SG-A compared with pacSC and rST. These miRNAs increase their expression levels from early PGCs to late stage male PGCs when mitotic arrest occurs (7). The let-7 fam- ily members and miR-125a repress Lin28, a key controller of stem cell pluripotency, which is also implicated in the establishment of testicular teratomas, and have been recognized as tumor suppressors (46) . The antagonistic interaction between the let-7 miRNAs and Lin28 in spermatogonia has been confirmed (17) . Using in vitro assays, miR-21, miR-20, miR-106a, miR-146, miR-221/222 have been shown to be important in maintaining the stem cell population (18) (19) (20) 32) . However, these studies only use miRNA mimics and/or inhibitors to investigate the roles these miRNAs and lack in-depth mechanistic explanations. No study on the function of miR-202 in spermatogenesis has been conducted so far and only several recent studies show that it acts as a tumor suppressor gene (47, 48) . It is downregulated in tumor cells and its overexpression suppresses cell proliferation and tumorigenicity. It targets some genes involved in cell cycle promotion, and is activated by p53 family members including, p53, p63 and p73 (49) . In the present study, we not only established the essential role of miR-202 in SSC maintenance using an inducible CRISPR-Cas9 but also identified a large number of potential targets using proteomic and transcriptomic methods.
Our proteomic and transcriptomic data consistently show that miR-202 targets the mRNAs of many cell cycle regulators. Cell population amplification in many developmental processes is mainly carried out by transit differentiating cells and/or progenitors cells, which are primed for terminal differentiation. Adult stem cells are believed to be in a relative inert state because their over-activation is a major cause of tumorigenesis (50) . Spermatogenesis is highly productive due to the active mitotic division of spermatogonia. A subset of the PLZF + undifferentiated spermatogonia are believed in a quiescent state (51, 52) . Based on the in vivo phenotypes of their gene KO mice, several proteincoding genes, including Plzf (52), Nanos2 (51), Tsc22d3 (53), Dnmt3l (54), have been reported to be essential in maintaining the quiescent state of SSCs. SSCs in culture finish a mitotic cell cycle in about 2.5-5.6 days, much slower than ESCs (55, 56) . However, their mitotic activity has not been compared with other types of spermatogonia. In the present study, we showed that the c-KIT + differentiating spermatogonia induced either by miR-202 gene KO or by RA have a higher mitotic activity compared with the normally cultured SSCs. Despite of the enhanced mitosis, both these two types of induced differentiation are not as productive as the in vivo one partially due to the increased apoptosis, and the net result of these two opposing processes is the decrease of the total cell number. Nevertheless, our work added miR-202 to the list of stem cell gatekeepers as a new member from the miRNA family.
It is not surprising that many targets of miR-202 are RNA binding proteins (RBPs) as RBPs such as DAZL, MVH, LIN28 play important roles in spermatogenesis. We selected two RBPs, RBFOX2 and CPEB1, to validate their regulation by miR-202 and to study their function in spermatogenesis. RBFOX2 is one of the three mammalian BB-FOX family members, which are evolutionarily conserved regulators of tissue-specific alternative splicing in metazoa. The function of Rbfox2 in spermatogenesis has not been elucidated. CPEB1 is one of the four mammalian paralog proteins that regulates the stability and translation of target mRNAs. When Cpeb1 is knocked out, the female mice are completely infertile while the male mice impair their fertility severely, and all mice arrest their gametogenesis at the pachytene stage of the meiosis (57) . Sycp1 and Sycp3 have been identified as the direct targets of CPEB1. We find that both Rbfox2 and Cpeb1 are direct targets of miR-202 as supported by the following lines of evidence: (i) Their proteins levels were elevated in response to miR-202 KO as detected by both proteomic and Western blotting analyses; (ii) Their targeting by miR-202 was confirmed by dual luciferase assays; (iii) The mRNA expression patterns of these two proteins are negatively correlated with that of miR-202-3p; (iv) The reduction of cell number caused by miR-202 KO can be partially rescued by the knockdown of these two genes. Using our in vitro meiosis model, we found that Rbfox2 was essential for meiosis initiation while Cpeb1 was not, and this is consistent with the observation that Cpeb1 KO mice arrested spermatogenesis at the pachytene spermatocyte stage. Therefore, miR-202 represses the genes that execute their functions at different stages of spermatogenesis.
The fate of SSCs is tightly regulated by many paracrine and autocrine factors. GDNF, which is produced by Sertoli cells in the testis, is the first identified essential growth factor for the in vivo and in vitro self-renewal of SSCs. RA, the active metabolites of retinol, has long been known as the critical factor for meiosis initiation. Recently, we have shown that RA is sufficient for inducing cultured mouse SSCs to turn into leptotene/zygotene spermatocytes, and it regulates not only meiotic genes but also genes involved in spermatogonial proliferation and differentiation, and even genes involved in the postmeiotic development of spermatogenic cells (4) . In the present study, we have identified in SSCs a fate decision regulatory network, which consists of signaling molecules such as GDNF and RA, miR-202 and a large number of target genes including cell cycle regulators and RNA binding proteins. Future studies shall be directed to add in missing links, to identify key nodes and to develop interfering means for this network in order to establish a more efficient in vitro spermatogenesis model through a better understanding of the regulatory network.
